Changes in electrical and rheological properties of agricultural products were investigated to clarify the softening mechanism of the organization in heating process. Potato, Japanese radish and carrot were used as the sample. These were heated in normal saline solution. Impedance was measured by LCR meter, and dynamic viscoelasticity was measured by the vibrating reed method. As a result, the impedance of potato tuber decreased gradually with an increase in temperature, then decreased rapidly at 65℃. Optical absorbance at 263 nm of the heating saline solution containing the test sample also rose drastically at this temperature, which suggested the release of intracellular nucleic acid related materials. Moreover, dynamic viscoelasticity decreased in the vicinity of this temperature, which suggested that the turgor pressure of the tissue cells was lost because of the cell membrane disruption. Similar phenomena were obser ved for Japanese radish and carrot although the temperature and the extent of the changes in physical proper ties were dif ferent depending on individuals. These results strongly suggest that the major softening mechanism of agricultural products in heating process exists in the thermal injury of cell membrane which caused the loss in turgor pressure of tissue.
Introduction
Agricultural products are heated for the starch gelatinization, softening of the organization, blanching, and sterilization, etc. The hardness of agricultural products changes in two stages during heating [1] . At the initial stage, hardness decreases rapidly by the loss of the turgor pressure of the cell [2, 3] . Then the hardness decreases gradually in the second stage because of softening of the organization with β-elimination reaction of pectin.
On the other hand, the electrical measurement of agricultural products is used for quality evaluations, for example, evaluating the ripening process and confirming the mechanical injur y [4] . Zhang and Willison [5] showed the electrical model of the plant cell, and clarified that the destruction of the cell membrane in thermal or freezing process were measured by the changes in the electrical resistivity [6] [7] [8] .
Ohnishi et al. [9] [10] [11] measured the change in electrical and the physical properties of agricultural products in freezing-thawing process and in osmotic dehydro-freezing [12] . They reported that physical properties of agricultural products changed because the intracellular turgor pressure was lost by the cell membrane injury.
In the present paper, the electrical properties of agricultural products were measured in heating process, which was compared with rheological properties to clarify the mechanism of softening of agricultural products in heating process.
Materials and Methods

Test sample preparation
Potato, Japanese radish and carrot were obtained from a local market and kept in a refrigerator until use.
Cylindrical samples (6.9 mm in diameter, 50 mm in length) were prepared along the long axis of agricultural products with a cork borer.
Measurement of electrical properties
cylindrical sample (5 mm deep and 7 mm in distance) as shown in Fig. 1 . Cylindrical sample and the holder were fixed with a vinyl tape. One sample with the holder was immersed in a beaker containing 300 ml of normal saline (0.9% (w/w) NaCl) solution at about 20℃. The beaker was heated with heating rate at about 1℃/min.
Resistance (R) and reactance (X) were measured over a frequency range from 1 kHz to 1 MHz when the normal saline solution reached the desired temperature. Impedance (Z) was calculated by the following equation.
(1)
Measurement of rheological properties
Dynamic viscoelasticity of the sample was measured by the vibrating reed method [13] . Eight to ten cylindrical samples were heated in normal saline solution under the same condition as described above. When the sample heated over 80℃ to 95℃, electric heater was used instead of water bath, although the heating condition of normal saline solution was arranged as the same. Sample was taken out at the specified temperature in the heating process, and immediately put in normal saline solution at 20℃ to avoid overheating. Then the sample was soaked in liquid paraffin to avoid drying before the measurement. The top end of the cylindrical sample was held by a sample holder, which was vibrated at the frequency varied from 0 to 100 Hz by a vibrator (NVO2, Nack Electronics) as shown in Fig. 2 
Measurement of optical absorbance
About 40g of the sample was cut into 1mm thickness Figure 3 shows the frequency dependence of the impedance of potato tuber samples in heating process.
Results and Discussion
Change in impedance of potato in heating process
The impedance in a low-frequency range was large at 25℃, and it decreased with an increase in frequency showing a relaxation phenomenon. This phenomenon was also obser ved at 40, 50 and 60℃, although the impedance in the low-frequency range decreased with the rise in temperature. At 70 and 80℃, the impedance became very small even in the low-frequency range and the relaxation with frequency was lost.
Ohnishi et al. [9] [10] [11] repor ted similar changes in impedance after freezing-thawing treatment for various samples of agricultural products. They reported that the formation of intracellular ice crystal in freezing process leaded a critical damage on cell membrane, which caused a drastic reduction in electrical resistance. Zhang et al. [8] also reported that cells in the tissue acted as capacitors, and the fall of the capacitance and extracellular resistance by heating must result from cellular lysis.
To confirm the state of cells in a tissue, resistance and reactance of the sample were measured at each temperature to obtain Cole-Cole plots. Zhang et al. [8] reported that the heat injury of potato tuber occurred at 43℃ when the sample was heated in •, 25℃; ○, 40℃; ▲, 50℃; △, 60℃; ■, 70℃; □, 80℃. •, 25℃; ○, 40℃; ▲, 50℃; △, 60℃; ■, 70℃; □, 80℃. Impedance was measured at 10 kHz.
•, relative impedance; ○, optical absorbance of saline solution containing the sample (measured at 263nm).
water and at 55℃ when the sample was wrapped and not Figure 6 shows the changes in dynamic elasticity (E') and dynamic viscosity (η') of potato tuber during heat- The appearance of potato tuber also changed after the heat injury occurred (Fig. 7) . The heated samples were taken out at each temperature and immersed in the saline at room temperature to cool immediately. The photographs were taken about 3 hours later. The samples taken out at 25 to 60℃ showed no change in appearance, but the sample at 65℃ showed substantial browning.
Change in rheological properties and appearance of potato in heating process
This suggests that the cell membrane was injured between 60 and 65℃, and the enzymatic browning occurred. The samples at 70 and 80℃ showed an appearance being cooked, showing the inactivation of enzymes responsible for browning reaction above 70℃. Figure 7 shows the importance of blanching before freezing of agricultural products. Samples were heated up to each temperature and soon cooled to the room temperature (20℃).
Changes in electrical and rheological properties of other agricultural products in heating process
Similar measurements were carried out for other agricultural products. Impedance was measured at 10 kHz.
•, relative impedance; ○, optical absorbance of the saline solution containing the sample (measured at 260nm); ■, relative dynamic elasticity; □, relative dynamic viscosity. Impedance was measured at 10 kHz.
•, relative impedance; ○, optical absorbance of the saline solution containg the sample (measured at 255nm); ■, relative dynamic elasticity; □, relative dynamic viscosity. 
